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Intermetallic compound TiFe, known for its hydrogen storage applications, is modified by 
substituting iron by nickel and related changes of properties and applicability of the 
obtained compounds are studied. Samples TiFei_ x Ni x (x = 0.2—0.6) are synthesized by melt¬ 
spinning and their crystal structure, desorption characteristics and electronic structure are 
investigated by TPD, a H NMR and Mossbauer spectroscopy. State-of-the-art DFT calcula¬ 
tions give further insight into the changes in electronic structure and bonding related to 
the hydrogen absorption and substitution of iron by nickel. The increase of Ni/Fe ratio in 
the TiFei_ x Ni x is found to result in the increase of hydride cohesive energies and in the 
systematic shifting of Fermi energy (E F ) to lower values, in both pure intermetallics and 
appropriate hydrides. Hydride formation was found to influence the Fermi energy lowering 
and the increase of number of states at E F . 

Copyright © 2012, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights 

reserved. 


1. Introduction 

Metal hydrides, widely investigated class of materials, have 
possible applications in the hydrogen storage related prob¬ 
lems, where reversibility and mild conditions of the hydrogen 
sorption process are required [1—3]. The AB-type alloys are 
promising materials for hydrogen absorption/desorption 
from the gas phase as well as for reversible electrochemical 
charging/discharging (metal hydride electrodes) [4—8]. The 
main representative of this class of materials is the 


intermetallic compound TiFe, which crystallizes in the cubic 
CsCl-type structure and can absorb reversibly up to 1.9 wt% 
hydrogen. The application of TiFe has been limited due to the 
poor absorption/desorption kinetics in addition to the 
complicated activation procedure and high equilibrium pres¬ 
sure for the hydride formation at room temperature [9]. Lots of 
experimental work has been done in order to improve the 
hydrogen storage properties of TiFe-type intermetallic 
compounds through substituting one of the two elements 
[8,10-15]. By substituting a part of the Fe atoms in TiFe with 
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metals like Mn, Ni, Cr, V, Ti, etc. the activation of the alloy is 
facilitated and the hydride equilibrium pressures is lowered. 
The polycrystalline Ti—Fe—Ni system has been widely studied 
in the past [16-19]. Also, it was reported that the respective 
replacement of Fe in TiFe by Ni and by Mn improved not only 
the discharge capacity but also the cycle life of the electrodes 
prepared from nanocrystalline TiFe alloys, synthesized by 
mechanical alloying and annealing [20]. The development of 
functional materials for application in energy sources and 
storage presents special challenges since they are required to 
satisfy multiple requirements [1]. In order to better under¬ 
stand the influence of the crystal structure and metal substi¬ 
tutions, state-of-the-art calculations are performed. Different 
DFT methods were employed in studying TiFe and TiNi 
hydrides [21-24]. Also, the influence of the replacement of 
Fe by different d-metals (Ni, Mn) on the bonding and elec¬ 
tronic structure has been studied [25]. The band structure 
calculations were reported for pure Ti—Fe—Ni intermetallic 
compounds [20]. However, to the authors best knowledge, no 
investigation has been performed to examine the electronic 
structure and bonding in the hydrides with respect to the 
gradual nickel to iron substitution. 

In this work, the hydriding properties of Ti—Fe—Ni inter- 
metallics are systematically studied, by means of DFT calcu¬ 
lations and experimental investigation, in order to gain 
knowledge about the quantitative relations between their 
composition and hydride phase properties. FP-LAPW band 
structure calculations reveal contribution of each atom to the 
electronic and bonding properties in Ti—Fe—Ni intermetallics 
and their hydrides. 


2. Methods 

2.1. Experimental 

The precursors for the melt-spinning process were prepared 
by arc-melting the proper amounts of elemental Ti (99.9%), Fe 
(99.9%) and Ni (99.9%) powders pressed into pellets. These 
ingots were melted by induction heating in graphite crucibles. 
At 1673 K the melt was ejected onto a rotating copper cooling 
wheel with circumferential velocity 22 m/s. These brittle 
ribbons were pulverized in the mortar and subsequently 
annealed for 2 h at 973 K in dynamic vacuum (10 -5 mbar) to 
obtain crystalline samples, which were subjected to activation 
at 573 K. The activated samples were subsequently hydroge¬ 
nated at 10 bar and 50 bar for 8 h at 373 K in Sievert’s appa¬ 
ratus. The crystal structure before and after hydrogenation 
was determined with a Bruker AXS, D4 Endeavor diffractom¬ 
eter using Cu-Ka radiation. Hydrogen desorption experiments 
were performed by Carbolite electric furnace at heating rate 
20 K/min and the final temperature 973 K. Samples were 
placed in a silica tube, which was attached to Edwards turbo 
vacuum pump that yielded 10 -5 mbar vacuum. Hydrogen 
content was determined upon pressure change dependence 
on the temperature. The Mossbauer absorption spectrum was 
obtained in a standard transmission geometry with the 
constant acceleration using a source 57 Co in Rh (1.85 GBq) at 
room temperature. The sample was embedded in aluminum 
foils with the surface density of 10.0 mg/cm 2 . In order to 


calibrate the Mossbauer spectrum, the laser spectrum of 
velocity was recorded. Both spectra were obtained in 1024 
channels and folded in the same manner. The Mossbauer data 
and the laser data were analyzed by WinNormos-Site program 
[27]. Isomer shifts were calculated with respect to a-Fe. The a H 
Nuclear Magnetic Resonant spectroscopy (NMR) measure¬ 
ments were conducted using a 100 MHz Oxford super¬ 
conducting magnet (B = 2.35 T). a H spin-lattice relaxation 
time, T lf was measured as a function of temperature in the 
temperature range from 80 K to 420 K. 

2.2. Calculations method 

Substitution of iron by nickel in TiFe intermetallic compound 
preserves the original CsCl-type structure (B2 structure, Pm3m 
space group) [28]. It is known that upon hydrogenation of TiFe 
several phases emerge, depending on the amount of the 
absorbed hydrogen: cubic, a phase, for small amounts of 
hydrogen; orthorhombic, (3 phase, TiFeH y (y = 1.4) and 
monoclinic, y phase (y = 2) [23]. In all of these phases as well 
as in TiNiH [29], hydrogen occupies octahedral interstices. As 
a first approach to the calculation of the electronic structure 
and bonding properties of Ti-Fe—Ni hydrides, the calculations 
were done assuming CsCl-type structure of hydrides (this is 
experimentally determined structure of a phase hydrides). 

In order to model the substitution of iron by nickel in the 
crystal cell, supercells TiFeo. 75 Nio. 25 , TiFe 0 . 5 Ni 0 .5 and 
TiFeo. 25 Nio .75 were constructed out of eight formula units of 
TiFe, and the appropriate hydrides were obtained by placing 
hydrogen atom in the octahedral sites, as shown in Fig. 1. 
Taking into account the efficiency of the calculation, 
compromise of half occupancy of the octahedral Ti 4 M 2 sites 
(M = Fe, Ni) by hydrogen in all cases was adopted giving 
hydrogen to metal ratio, H/M, 0.75. Since in TiFeo. 75 Nio .25 and 
TiFeo. 25 Nio .75 supercells used in our calculations, not all octa¬ 
hedral sites are equivalent as they are in TiFe, the above 
condition of the half occupancy of Ti 4 M 2 octahedral sites leads 
to different coordination around the hydrogen atom. This is 
schematically given at Fig. 1, where (a) and (b) are the labels 
adopted for this hydrides and they are used further 
throughout the text. The electronic band structure calcula¬ 
tions were performed for the supercells representing the pure 
Ti—Fe—Ni intermetallic compounds (Fig. 1), appropriate 
hydrides (both (a) and (b) if present) as well as for TiNi and 
TiFe. All calculations have been done using the full-potential 
linearized augmented plane wave (FP-LAPW) method based 
on the density functional theory (DFT), as implemented in the 
WIEN2k code [30]. For the exchange—correlation potential 
generalized gradient approximation (GGA) of Perdew et al. was 
used [31]. The potential and charge density were expanded up 
to 1 = 10 and G max = 16 (20) bohr -1 for pure intermetallics (and 
hydrides). The muffin-tin radii were set to 0.8 bohr for H, 
1.9 bohr for Ti and 1.8 bohr for both Ni and Fe atoms. The 
RK max cut-off parameter was set to 5.0 for the hydrides and 
10.0 for the pure intermetallics, giving roughly the same 
number of the plane waves in the calculations and ensuring 
the accuracy of calculation. Reciprocal space integrations 
were performed using the tetrahedron method on 250 and 560 
irreducible fe-points (20 x 20 x 20 and 28 x 28 x 28 k-point 
meshes), for the supercells and TiFe (TiNi), respectively. The 
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TiFe0.75Ni0.25 





TiFeo.50Nio.50 TiFeo.25Nio.75 



Fig. 1 — Supercells TiFeo.75Nio.251 TiFe 0 .5Ni 0 .5, TiFeo.25Nio.75 constructed out of eight formula units of TiFe; the appropriate 
hydrides are obtained by putting hydrogen atoms (two smallest balls) in octahedral sites, as presented in picture, 1 — 3 . 
Marks -a and -b present different coordination around hydrogen as explained in text. The picture was obtained using 
XCrysDen program [ 26 ]. 


experimental results for TiFe lattice parameters and atomic 
positions [32] were used as starting parameters, and then, 
volume optimization and internal parameters relaxation 
(until the forces acting on the atoms were smaller than 1 mRy/ 
bohr) were performed for each compound. From the 
Birch—Murnaghan equation of state the ground state energy 
and optimized structural parameters were extracted. The 
charge difference of 5*10 -5 e between the two successive iter¬ 
ations was chosen as the convergence criterion. The core 
states were treated fully relativistically, while the valence 
states were treated within the scalar relativistic approxima¬ 
tion. Additional spin-polarized calculation was performed for 
TiFe, but no significant difference was found as compared to 
the non-spin polarized case; this is also in accordance with 
earlier investigations [21]. Therefore, all the remaining 
calculations were performed non-spin polarized. 


3. Results and discussion 

3.1. Crystal structure of TiFe 2 _ x Ni x (x = 0.2, 0.4, 0.6) 

The XRD spectra for the melt-spun ribbons of TiFei_ x Ni x 
(x = 0.2, 0.4, 0.6), given at Fig. 2, show single bcc phase for all 
compositions, which is in agreement with the results exhibi¬ 
ted in Ref. [28] for alloys obtained by arc-melting. 

The TiFei_ x Ni x alloys (iron-site substituted alloys) have 
a CsCl-type structure, which is the same structure as that of 
the starting material, TiFe [28]. On the other hand, the 


Ti x _ x FeNi x alloys (titanium-site substituted alloys) are 
a mixture of CsCl-type and a C14 Laves phase compound [28]. 
Our XRD results are consistent with structure of CsCl-type for 
all investigated samples. Also, the increase of the lattice 
constant upon the increase of nickel content is observed, and 
this trend is in agreement with the results obtained from our 
DFT calculations given in Table 1. In addition, Mossbauer 
spectrometry is also a method that gives very precise struc¬ 
tural information on materials, with reference to the iron 
atom. In Section 3.4 is confirmed, on the basis of the obtained 
Mossbauer spectra, that applied method of sample prepara¬ 
tion resulted in total iron-site substitution. 
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Table 1 - Optimized structural parameters, bulk moduli, 

B, Fermi level characteristics and cohesive energies from 
DFT calculations of TiFei_ x Ni x . 

a (A) 

B (GPa) 

E f (Ry a ) 

N ef 

E c 

(eV/atom) 

calc. exp. 

TiFe 2.955 2.979 b 

188.55 

0.904 

0.421 

6.41 

TiFeo. 75 Nio .25 2.973 

184.29 

0.87492 

1.331 

6.35 

TiFe 0 . 5 Nio.5 2.984 

174.51 

0.85131 

2.315 

6.32 

TiFeo. 25 Nio .75 3.004 3.01 b 

170.57 

0.82015 

2.482 

6.29 

TiNi 3.010 3.018 b 

158.19 

0.73950 

2.756 

5.89 

a lRy = 13.6 eV. 





b M. Jurczyk et al. [33]. 






3.2. Hydrogen sorption characteristics of TiFe 2 _ x Ni x 
(x = 0.2, 0.4, 0.6) by TPD analysis 

The substitution of iron by nickel was reported to lower the 
equilibrium pressure for hydrogen absorption [14] and 
improve the kinetics of this process [19]. Here, the influence of 
this substitution in TiFe on desorption characteristics of the 
appropriate hydrides was investigated using Temperature 
Programmed Desorption (TPD), after previously loading the 
samples in hydrogen atmosphere at 10 and 50 bars. 

In Fig. 3 TPD spectra for TiFei_ x Ni x after loading at 50 bar 
hydrogen for 8 h are presented. The increase of Ni content 
lowers the maximal hydrogen absorption capacity at those 
conditions, from 1.1 wt%H for x = 0.2, to 0.8 wt%H for x = 0.4 
and 0.1 wt%H for x = 0.6. Further conclusion from TPD spec¬ 
trum is that the increase of Ni content increases the desorp¬ 
tion temperature. This is also true when hydrogen is loaded at 
lower pressure (10 bar), but in that case desorption tempera¬ 
tures are found to be systematically shifted to lower values. 
The thermal stability of the hydrides is in agreement with 
hydrides enthalpy of formation, i.e. it increases with 
increased nickel content, as reported earlier in Ref. [14]. 

3.3. DFT investigation of the electronic structure and 
bonding in TiFe 2 _ x Ni x intermetallics and the appropriate 
hydrides 


The optimized structural parameters obtained from the band 
structure calculations on TiFei_ x Ni x intermetallics (x = 0, 0.25, 



Fig. 3 - TPD results of hydrogenated (373 K, 50 bar, 8 h) 
TiFei_ x Ni x (x = 0.2, 0.4, 0.6) samples. 


0.5, 0.75, 1), are presented in Table 1. They are found to be in 
good agreement with the available experimental results. In 
Table 2, the results obtained for the appropriate hydrides are 
presented. 

Results for hydrides, with hydrogen atom occupying both 
non-equivalent hydrogen sites in investigated hydrides, are 
presented and in the further discussion labeled according to 
Fig. 1. The lattice constants of hydrides are larger than that of the 
pure intermetallics and dependent on the Ni/Fe ratio (or starting 
lattice constant). This increase of lattice constant is in accor¬ 
dance with the volume increase, typical for interstitial hydrides. 
The bulk moduli, which are a measure of the metal hardness, 
decrease upon both alloying with Ni and hydrogen absorption. 
Decrease of the bulk moduli of hydrides as compared to the 
starting intermetallics implies that some of the metal—metal 
bonds are significantly weakened upon hydrogen absorption. 
Calculated cohesive energies for hydrides show increase with 
increase of Ni/Fe ratio in intermetallic. The larger cohesive 
energy relates to the stronger bonds between the elements. As 
can be seen by comparing results for hydrides (Table 2) with 
results for pure intermetallics (Table 1), observed trend is 
characteristic only for hydrides and implies stronger bonded 
hydrogen in the host lattice. This explains the lowering of 
equilibrium pressure for hydrogen absorption [14] and here 
observed desorption temperature increase with increase of Ni/ 
Fe ratio. More detailed analysis of bonding in hydrides based on 
density of states (DOS) and Bader analysis is given below. The 
analysis of electronic structure in hydrogen-free 
intermetallic compounds can be found, and our results on 
these compounds are in good agreement with those obtained by 
Szajek et al. [20]. Total density of states for TiFe a _ x Ni x (x = 0.25, 
0.50, 0.75) alloys and the appropriate hydrides is presented in 
Fig. 4, with the Fermi energy (E F ) taken as reference. 

In all cases, with and without hydrogen, the alloys exhibit 
metallic character (finite DOS at the Fermi energy). Similarly 
to other metallic hydrides, hydrogen presence induces 
significant changes in the valence band of intermetallic 
compounds, mostly by introduction of new states located 
6 eV—11 eV below the Fermi energy. By examining the results 
presented in Table 1, we observe systematic shifting of Fermi 
energy (E F ) to lower values, whereas number of states at E F 
(N ef ) increases upon nickel addition in the intermetallic 
compounds. All hydrides (Table 2.) have lower values of E F as 
compared to the starting compounds, regardless of the 


Table 2 - Optimized structural parameters, bulk moduli, 
B, Fermi level characteristics and cohesive energies from 
DFT calculations of the appropriate hydrides of 
TiFe a _ x Ni x (x = 0.25,0.5,0.75) with non-equivalent 
hydrogen sites (a, b). 



a (A) 

B (GPa) 

E f (Ry a ) 

N ef 

E c 

(eV/atom) 

TiFeo.75Nio.25H1.5-a 

3.139 

175.36 

0.814 

4.237 

4.553 

TiFeo.75Nio.25H1.5-b 

3.145 

165.14 

0.797 

4.132 

4.555 

TiFeo.5Nio.5H1.5 

3.141 

169.07 

0.794 

2.653 

4.575 

TiFeo.25Nio.75H1.5-a 

3.161 

167.10 

0.761 

3.482 

4.577 

TiFeo.25Nio.75H1.5-b 

3.155 

158.43 

0.770 

2.301 

4.596 


a lRy = 13.6 eV. 
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E-E F (eV) 



E-Ep(eV) 


C 



E-Ep(eV) 


Fig. 4 - Total density of states of Ti-Fe-Ni intermetallics 
and their hydrides (a) TiFeo.75Nio.25 (b) TiFe 0 . 5 Nio.5 (c) 
TiFeo.25Nio.75 (for x = 0 . 25 , 0.75 hydride labels according to 
Fig. 1 ). 

position of hydrogen in the octahedral sites. The general trend 
of lower E f in intermetallics with higher Ni/Fe ratio is 
preserved in the hydrides, too. However, the hydrides show 
largest N EF in TiFeo.75Nio.25, which decreases with nickel 


addition. The Figs. 5—8 present the partial density of states of 
Ni, Fe, Ti and H, per atom. For TiFeo.25Nio.75 and TiFeo.75Nio.25, 
the DOS shown is an arithmetic mean of the DOS for different 
calculated hydrogen coordinations. 

As expected, the Ti, Ni and Fe valence bands are deter¬ 
mined by their d states, while for H, the most dominant is the s 
channel. The contribution of Ti-d states is mainly at energies 
higher than E F , Fig. 5. This trend is retained upon hydride 
formation, with appearance of some Ti states in the region 
6 eV—11 eV. The Ni-d states are located mainly below E F , before 
and after hydrogenation (Fig. 7). Both iron and nickel density of 
states show appearance of new states in the hydrides, located 
at the energies of hydrogen s states (Fig. 8a), so we can 
conclude that all metals, Ti, Fe and Ni interact with hydrogen 
and that hydride formation is dominated by interaction of 
metal d states and hydrogen s state. In the hydrides, due to the 
changes induced by hydrogen, number of states is much larger 
at E f than in starting intermetallics. In TiFe, the Fermi energy 
falls into the semi-gap of iron d states, which explains the 
relatively low number of states at E F . This is somewhat 
changed when iron is substituted by nickel, Table 1. In the 
hydrides, semi-gap of the iron d-states is at the energies below 
E f , explaining the larger number of states at E F . This is most 
pronounced in the case of TiFeo. 75 Nio .25 hydride, whose 
average DOS in proximity of E F is presented at Fig. 8b. Here, the 
largest contribution to E F DOS comes from titanium and iron 
d states, and this is also case in other hydrides, explaining 
observed N F decrease with iron to nickel substitution. The 
topological analyses of the electron densities following Bader’s 
atoms-in-molecules (AIM) theory [34] was used to characterize 
the bonding situation and quantify effect of the hydrogenation 
in Ti—Fe—Ni intermetallics. This method gives a partitioning of 
the crystal space into atomic basins. By integration within 
these basins atomic (AIM-) charges are obtained, and they 
show the amount of charge in atomic basin in some 
compound as compared to the neutral atom [34]. The inte¬ 
grated charges for Ti-Fe-Ni, prior to hydrogen absorption, 
show charge transfer in the accordance with elements elec¬ 
tronegativity. Both Ni and Fe atoms have more negative charge 
as compared to neutral atoms (more negative AIM-charge), 
and the sum of this excess charge on these atoms (taking into 
account their abundance in the unit cell) equals the charge 
that Ti atom have lost. The larger the amount of nickel in the 
intermetallics, the more positive AIM-charge is found at Ti 
atoms, while both Fe and Ni have smaller negative AIM- 
charge. The charge transfer trend is the same in the case of 
the appropriate hydrides, but now excess charge is divided 
among Fe, Ni and H. 

This is schematically given in Fig. 9, for the pure interme¬ 
tallics and their hydrides (average value of transferred charge 
is presented for hydrides which have two possible coordina¬ 
tions around hydrogen in calculations). In the hydrides, 
Ti loses even more charge as compared to the pure interme¬ 
tallics, and Ni still shows larger negative AIM-charge as 
compared to Fe. But what is very interesting is the fact that in 
all hydrides the hydrogen atom AIM-charge is the same within 
the error of the calculation (-0.45). Similar value is found in 
some other hydrides [35]. The charge transferred to hydrogen 
in metal hydrides varies from the values close to 1, in what is 
referred to as ionic hydrides (magnesium hydride), to values 
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below 0.5, mostly in intermetallic hydrides [35], Here obtained 
value of 0.45 indicates more covalent character of the hydro¬ 
gen-metal interaction. Also, if less charge is transferred to the 
hydrogen atom, the appropriate hydride is expected to be less 
stable [36]. In our case, although the charge transfer between 



Fig. 5 - Partial (d-projected) DOS for Ti; going from top to 
bottom TiFeo. 75 Nio. 25 , TiFe 0 . 5 Ni 0 .5 and TiFeo. 25 Nio .75 are 
presented, where (a) presents intermetallic compound and 
(b) appropriate hydride. 


atoms should be affected by the replacement of iron with 
more electronegative nickel atoms, the charge transferred to 
hydrogen atom seems to be almost invariant of this compo¬ 
sition change. Additional calculations would have to be done 



E-E p (eV) 

Fig. 6 - Partial (d -projected) DOS for Fe; Going from top to 
bottom TiFeo.75Nio.25, TiFe 0 .5Ni 0 .5 and TiFeo.25Nio.75 are 
presented, where (a) presents intermetallic compound and 
(b) appropriate hydride. 
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E-E p (eV) 


Fig. 7 - Partial (d-projected) DOS for Ni; Going from top to 
bottom TiFeo.75Nio.25, TiFe 0 .5Ni 0 . 5 and TiFeo.25Nio.75 are 
presented, where (a) presents intermetallic compound and 
(b) appropriate hydride. 


in order to see the influence of structural changes in hydrides 
on the charge transfer. However, some experimental methods 
offer the possibility of investigation of electronic structure, 
and this is discussed in next chapter. 


3 . 4 . M ossbauer and NMR investigation of hydrides 

Mossbauer spectroscopy has been used to study both lattice 
structure changes and changes in the electronic structure 
upon hydrogen absorption in TiFe!_ x Ni x intermetallics. The 
Mossbauer spectra ( 57 Fe) were recorded for pure intermetallics 
as well as after hydriding at 10 bar hydrogen pressure for 20 h. 
For all investigated samples, before hydrogenation, the 
Mossbauer spectra were fitted with one doublet. Small quad¬ 
ruple splitting is observed in accordance with the change in 
the first coordination sphere of iron upon nickel substitution. 
The presence of only one doublet in fitted spectra is a very 
sensitive indicator of presence of just one phase in these 
samples, which, along with the XRD results, confirm total 
iron-site substitution. In Fig. 10 the Mossbauer spectra of 
TiFe 0 . 6 Nio .4 before and after hydrogenation are presented. 

Before hydrogenation (Fig. 10a), the doublet is characterized 
with isomer shift (IS) 3 = -0.155(1) mm/s and the quadrupole 
splitting A = 0.138(4) mm/s. Upon hydrogen absorption, the 
spectrum has two components (Fig. 10b) and this is related to 
the presence of two phases in the sample [36]. The first phase is 
characterized with isomer shift (IS): <5 = -0.162(2) mm/s and 
quadrupole splitting A = 0.115(4) identified based on Ref. [36] as 
cubic solid solution (alpha phase); the isomer shift in this 
phase is very close to that of starting intermetallic. This would 
indicate that the iron atom in alpha phase had no changes in 
electron density that would affect IS. From Bader analysis we 
saw that the small charge transfer to hydrogen is expected in 
hydrides, even in the case of a high hydrogen concentration in 
the intermetallic lattice. Since in experiment, lower concen¬ 
trations of hydrogen are expected in alpha phase, and just 
a part of that charge originates from iron atom, this can be an 
explanation of the small change in isomer shift. More detailed 
analysis of Mossbauer spectra in all compounds will be pub¬ 
lished elsewhere. The second phase identified (<5 = -0.105(8), 
A = 0.45(1)) is orthorhombic hydride phase (beta phase) [36]. 
Thus, we can conclude that the obtained Mossbauer spectrum 
indicates a coexistence of alpha and beta phase, where, based 
on integrated surfaces under picks, their relative amounts are 
estimated to be 80 and 20%, respectively. We see that the 
process of beta hydride formation is related to the decrease of 
negative isomer shift and increase of quadrupole splitting. The 
smaller negative isomer shift is due to the smaller electron 
density in the absorber (iron atom). This change of the isomer 
shift upon hydrogen absorption can be understood in the way 
that upon forming of Fe—H bond, more charge is transferred to 
hydrogen and this was also observed in other intermetallic 
hydrides [37,38]. Increase of quadrupole splitting in the beta 
phase hydride compared to both, the starting intermetallic and 
alpha phase hydride, is related to the symmetry decrease 
around Fe atom that follows the phase change. 

NMR measurements were performed on a series of 
Ti—Fe—Ni samples with different amounts of hydrogen 
absorbed. For protons in a metallic system, there are two major 
relaxation mechanisms — relaxation through fluctuations in 
dipolar interaction between protons; and by the proton 
coupling to the spin of magnetic moments of the conducting 
electrons in the metal. While both mechanisms contribute to 
the relaxation at higher temperatures, the proton movement 
slows down at lower temperatures, thus enabling us to extract 
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Fig. 8 - (a) Partial (site-projected) density of states of hydrogen atom (b) partial (d-projected) density of states of Ti, Fe and Ni 
near Fermi energy in TiFeo.75Nio.25 hydride. 


the electron contribution. Relaxation through conducting 
electrons follows the Korringa relation, l/(T a T) = C x p(E F ) 2 , 
where constant C includes the proton and electron gyromag- 
netic ratios and the Knight shift [39]. Although the structure 
slightly changes upon loading with hydrogen, it should in 
principle be possible to compare the measured values at 
different loading levels with the theoretical calculations. 
Similar work was performed for example in Ref. [40], where the 

NMR measurements demonstrated that there is no signifi¬ 
cant difference between the electronic structures in a series of 
Ti—Zr—Ni alloys with slightly different compositions. 

Fig. 11 shows spin-lattice relaxation rate, T 1 1 ) as 
a function of inverse temperature for the crystalline 
TiFeo. 75 Nio .25 sample with three different hydrogen concen¬ 
trations. All three concentrations show similar behavior. At 
higher temperatures, there is a peak in relaxation, connected 
to the dipolar relaxation mechanism. However, at lower 
temperatures, the relaxation is not proportional to the 
temperature as one would expect from the above model, but 
rather approaches a constant value. Further on, the proton 


relaxation rates at low temperatures are significantly faster 
than in previously investigated systems of the Ti—Zr—Ni 
family, where Tf 1 at 80 K was around 0.5 s -1 [40]. 

The reason for this behavior is an additional relaxation 
mechanism, most likely connected with relaxation through 
paramagnetic centers (Fe and Ni) in the system. In a metallic 
crystal, the magnetic moments of atoms are shielded by the 
electron gas. Due to defects in the material, induced by intro¬ 
ducing hydrogen, the local density of electron states changes 
and the shielding becomes less prominent, resulting in 
a higher magnetic moment [41]. As a first approximation, it is 
reasonable to assume that this contribution to relaxation is 
temperature independent [42]. As this mechanism masks the 
contribution of the conducting electrons, it is not possible to 
obtain the information about the electronic density at the 
Fermi level from the NMR measurements. The paramagnetic 
contribution appears to be larger for samples with 0.84 wt% and 
1.03 wt%, what seems to be consistent with the fact that the 
larger concentration of introduced hydrogen creates more 
defects in the material. 



Fig. 9 - Calculated AIM-charges in Ti—Fe-Ni intermetallics and their hydrides. 
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Velocity [ mms- 1 ] 

Fig. 10 - Mossbauer spectrum of TiFe 0 . 6 Ni 0 .4 before 
hydriding consists of one narrow doublet subspectrum — 
the first line from the top of figure (a); after hydriding 
spectrum contains two doublet subspectra given by lines 
on the top of figure - the upper one corresponds to beta 
phase hydride and the lower one to alpha hydride (b); 
experimental data (presented by open circles) and fitted 
spectrum (solid line) are given on the bottom of both 
figures. 
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4. Conclusion 

Crystalline samples TiFei_ x Ni x , obtained by melt-spinning, 
were all found to have bcc structure implying that, in all 
ratios investigated (0.2—0.6), solubility of nickel in the TiFe 
lattice was complete. The stability of TiFei_ x Ni x hydrides was 
investigated by TPD, and it was found that the increase of 
nickel content leads to the shifting of hydrogen desorption 
temperatures to higher values and decrease of maximal 
amounts of hydrogen absorbed at the same conditions 
(hydrogen pressure, time). The values of the cohesive energies 
calculated for hydrides increase as the Ni/Fe ratio in the 
appropriate intermetallic compound increases, which 
explains observed influence of nickel addition to the hydrogen 
sorption equilibrium pressure lowering. Based on the above 
stated, TiFeo.gNio .2 is found to be most promising among here 
studied materials for the hydrogen storage. Investigating 
changes that follow hydrogen insertion in the intermetallic 
lattices on atomic level we report detailed analysis of the 
electronic structure and bonding in investigated compounds, 
which can be useful in future investigation of metal hydrides 
for application in Ni-MH batteries; main conclusions are 
summarized below. The increase of Ni/Fe ratio in interme¬ 
tallic compound leads to systematic shifting of Fermi energy 
(E f ) to lower values, both before and after hydriding. The 
hydrogen—metal bond formation is dominantly due to the 
interaction of metal d states and hydrogen s state located 
6—11 eV below Fermi energy, and all metals participate in this. 
Hydride formation was found to influence the Fermi energy 
lowering and the increase of number of states at E F 
(as compared to the starting intermetallics); the latter is 
mostly related to the changes in Fe and Ti-d states. Due to the 
new-formed metal-hydrogen bonds, charge transferred 
between metal atoms is smaller than in the pure intermetal¬ 
lics, as confirmed by Bader charge analysis. Interestingly, the 
charge transfer to hydrogen atom in calculated structures was 
found to be almost the same (0.45e) regardless of Fe/Ni ratio in 
intermetallic lattice. However, from Mossbauer spectra we 
can conclude that upon structural changes in crystal lattice 
(namely beta hydride formation) charge transfer from iron 
atom to hydrogen atom further increases. From NMR inves¬ 
tigation it was not possible to obtain the information about the 
electronic density at the Fermi level, which was explained as 
consequence of hydrogen induced defect in the lattice. Beside 
dipolar relaxation mechanism, additional relaxation mecha¬ 
nism, most likely connected with relaxation through para¬ 
magnetic centers in the system, is found. Results are 
consistent with the fact that the larger concentration of 
introduced hydrogen creates more defects in the examined 
material. 
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